Abstract This paper describes the isolation of wheat mutants in the hard red spring Scarlet resulting in reduced sensitivity to the plant hormone abscisic acid (ABA) during seed germination. ABA induces seed dormancy during embryo maturation and inhibits the germination of mature seeds. Wheat sensitivity to ABA gradually decreases with dry after-ripening. Scarlet grain normally fails to germinate when fully dormant, shows ABA sensitive germination when partially after-ripened, and becomes ABA insensitive when after-ripened for 8-12 months. Scarlet ABAinsensitive (ScABI) mutants were isolated based on the ability to germinate on 5 lM ABA after only 3 weeks of after-ripening, a condition under which Scarlet would fail to germinate. Six independent seedspecific mutants were recovered. ScABI1, ScABI2, ScABI3 and ScABI4 are able to germinate more efficiently than Scarlet at up to 25 lM ABA. The two strongest ABA insensitive lines, ScABI3 and ScABI4, both proved to be partly dominant suggesting that they result from gain-of-function mutations. The ScABI1, ScABI2, ScABI3, ScABI4, and ScABI5 mutants afterripen more rapidly than Scarlet. Thus, ABA insensitivity is associated with decreased grain dormancy in Scarlet wheat. This suggests that ABA sensitivity is an important factor controlling grain dormancy in wheat, a trait that impacts seedling emergence and preharvest sprouting resistance.
Introduction
The control of seed dormancy and germination is very important in cereal crops where excessive dormancy leads to problems with uneven stand establishment, and insufficient seed dormancy can result in preharvest sprouting (PHS). PHS occurs in cereals including wheat, barley, millet, and sorghum when cool rainy conditions occur prior to harvest (reviewed by Gubler et al. 2005) and results in economic losses to farmers when sprouted grain is rated as feed. While environmental conditions induce sprouting, there are clearly genetic differences in susceptibility (Flintham 2000) . Susceptibility to PHS is associated with lack of seed dormancy, whereas resistance is associated with higher seed dormancy. Seed dormancy describes the state in which mature seeds are unable to germinate under favorable conditions (reviewed by Finkelstein et al. 2008) . Dormant seeds acquire the ability to germinate through dormancy breaking treatments including dry after-ripening, a period of dry storage, or cold stratification, a period of moist chilling. Dormancy and PHS resistance are associated with differences in grain coat color, hormone accumulation or responsiveness, and spike architecture (reviewed by Schramm et al. 2010) . This study examines the contribution of abscisic acid (ABA) response to control of wheat grain dormancy in a hard red spring wheat, Scarlet.
Bread wheat, Triticum aestivum L., is an allohexaploid crop plant that is a staple for human nutrition. Allohexaploid wheat has a haploid chromosome number of 21 (AABBDD, 2n = 42, x = 7) such that three related diploid progenitors contributed seven chromosomes each through two polyploidization events (Jiang and Gill 1994; Galili et al. 2000; Dubcovsky and Dvorak 2007) . Hybridization of the A genome donor T. urartu Tumanian ex Gandilyan with the B genome donor, a close relative of Aegilops speltoides, resulted in tetraploid durum wheat (AABB, 2n = 28, x = 7). Hybridization of durum wheat with the D genome donor Ae. tauschii resulted in modern hexaploid bread wheat approximately 8,000 years ago. Because the three wheat progenitors were close relatives, the gene-coding regions of the A, B, and D genomes are approximately 95 % identical at the nucleotide level. Many wheat genes are present as three homologous copies on the A, B, and D genome referred to as homoeologues. Thus, selection for mutants in wheat is likely to give rise either to single dominant mutations or to recessive mutations either in rare single copy genes or in genes that evolved tissuespecific gene expression.
Wheat cultivars with a red testa color resulting from the accumulation of catechin and proanthocyanidin in the testa or seed coat tend to have greater dormancy and PHS resistance than cultivars that have a white testa resulting from recessive mutations in all three copies of the Red-1 locus (R-A1, R-B1, and R-D1) (Miyamoto and Everson 1958; McCallum and Walker 1990) . The R-1 gene encodes TaMyb10, an R2R3 type Myb domain transcription factor that is a homologue of Arabidopsis thaliana TT2 (Himi et al. 2011) . The line Chinese Spring contains a single dominant R-D1 gene for red testa color. An induced r-D1 mutation in Chinese Spring reduced, but did not completely eliminate grain dormancy (Warner et al. 2000) . Moreover, there are red cultivars with low seed dormancy and white cultivars with high seed dormancy (Morris et al. 1989; Torada and Amano 2002) . Thus, red testa color contributes to, but is not the sole source of seed dormancy. Differences in ABA sensitivity or accumulation appear to account for some variation in wheat (Walker-Simmons 1987; McKibbin et al. 2002; Schramm et al. 2010 ) and barley (Chono et al. 2006 ) grain dormancy. In addition, red testa color is associated with higher apparent ABA sensitivity (Himi et al. 2002) , although the effect may be dependent on the level of dormancy of the grain (Warner et al. 2000) .
Seed dormancy can result from two mechanisms, seed coat imposed dormancy and embryo dormancy (reviewed by Bewley 1997) . In seed coat imposed dormancy tissues covering the embryo can inhibit germination by inhibiting gas exchange or water uptake, by acting as a physical barrier to radicle emergence, or though diffusible inhibitors. Coat imposed dormancy can be relieved by cutting or removing the seed coat. In embryo dormancy, the embryo fails to grow even when surrounding tissues are removed. Wheat exhibits both types of dormancy (reviewed by Bewley and Black 1994; Schramm et al. 2010) . Cutting wheat seeds in half generally improves the germination capacity of wheat grains. The embryo half of cut grains can be assayed for ABA sensitivity independent of coat imposed dormancy (WalkerSimmons 1987; Schramm et al. 2010) .
ABA is a sesquiterpenoid plant hormone that induces seed dormancy and desiccation tolerance during plant embryo maturation (reviewed by Holdsworth et al. 2008) . ABA maintains dormancy in mature seed, whereas the hormone gibberellic acid (GA) breaks dormancy and stimulates germination (Karssen and Laçka 1986) . The current understanding of the role of ABA in inducing and maintaining seed dormancy results, to a large extent, from studies of mutants with altered ABA accumulation or response. Loss of function mutations in ABA biosynthetic enzymes or in positive regulators of ABA signaling result in reduced seed dormancy in Arabidopsis and tomato, and vivipary in maize (Koornneef et al. 1982; McCarty et al. 1991; Groot and Karssen 1992; Schwartz et al. 1997) . Loss of function mutations in the ABA catabolic enzyme, ABA 8 0 -hydroxylase, or in negative regulators of ABA signaling result in increased seed dormancy in Arabidopsis (Kushiro et al. 2004; Okamoto et al. 2006) . Loss-of-function mutations in the RCAR/PYR/PYL family of ABA receptors result in ABA insensitive seed germination in Arabidopsis (Ma et al. 2009; Park et al. 2009 ). The ABA receptors, members of the START/Bet v onefold superfamily (reviewed by Klinger et al. 2010) , bind and inhibit the activity of a family of protein phosphatase type 2Cs (PP2Cs) in an ABA-dependent manner (Nishimura et al. 2010) .
The effects of ABA signaling mutations can be pleiotropic because in addition to inducing seed dormancy and desiccation tolerance in seeds, ABA also induces vegetative responses to environmental stresses including drought, cold, and salt tolerance [reviewed by Zhang et al. (2006) , reviewed by Tuteja (2007) ]. ABA induces stomatal closure in response to drought stress to conserve water, and also induces osmotic protectants such as proline and dehydrin protein accumulation. For example, gain-of-function mutations in PP2Cs result in decreased seed dormancy, ABA insensitive seed germination, a vegetative wilty phenotype, and early flowering (Koornneef et al. 1984; Leung et al. 1997) .
The purpose of this work was to examine the role of ABA in seed dormancy of wheat, a member of the Triticae tribe. Seed dormancy in barley (Hordeum vulgare), another member of the Triticae tribe, is associated with high level expression of the ABA biosynthesis gene family, NCED (9-cis epoxycarotenoid dioxygenase), and low level expression of the ABA catabolic gene HvABA8'OH-1 suggesting that seed dormancy is also regulated by ABA accumulation in these cereals (Millar et al. 2006 ). This evidence indicates that ABA accumulation regulates seed dormancy in the Triticae.
If ABA regulates wheat grain dormancy, then we would expect that mutants selected for increased ABA sensitivity would result in higher seed dormancy, whereas mutations selected for decreased ABA sensitivity would result in decreased grain dormancy. We previously found that although Warm mutants (Wheat ABA responsive mutants) selected for increased ABA sensitivity result in increased seed dormancy, this phenotype is dependent on the degree of after-ripening (Schramm et al. 2010) . Both normal and Warm wheat grain lose ABA sensitivity as a result of after-ripening.
However, Warm lines after-ripen more slowly than wild-type.
In order to examine the role of ABA in inducing wheat seed dormancy, this study has isolated ABA insensitive mutants in the hard red spring Scarlet. These mutations result in reduced seed dormancy and a decreased requirement for after-ripening prior to seed germination. While the effect of these mutations is mostly seed-specific, some mutations do have secondary phenotypes.
Materials and methods

Germination assays
The term seed is used in reference to the wheat caryopsis or grain. Because of variation in the degree of dormancy between seed lots, germination assays were always performed using seeds from parents grown side-by-side that had reached a suitable degree of after-ripening to maximize the difference between wild-type and mutant ABA sensitivity (determined experimentally, ranging from 2 weeks to 4 months, depending on the experiment). Germination assays were performed using either whole or cut half-grains plated on a 9-cm petri dish lined with a single germination disc (Anchor steel blue germination blotter (SDB3.375), Anchor Paper Co., St. Paul MN) moistened with an aqueous solution of 6 mL of 5 mM MES (pH 5.5) buffer (2-[N-morpholino] ethane sulfonic acid, Sigma, St. Louis, MO) containing varying concentrations of optically pure (?)-ABA (PBI58, gift from S. Abrams). MES buffer without ABA was used as a negative control. (?)-ABA was maintained as a 0.1 M stock in methanol at -20°C in the dark. The plates were sealed with Parafilm to prevent evaporation, wrapped with foil, and incubated at 30°C in the dark (Walker-Simmons 1987) . Germination was scored based on radicle emergence every 24 h for 5 days. Germination was expressed either as a percentage germinated or as a weighted germination index (GI) calculated over 5 days of scoring as (5 9 g day1 ? 4 9 g day2 … ? 1 9 g day5 )/(5 9 n) where g is the number of germinated seeds and n is the total number of viable seeds (Walker-Simmons 1987) , except for the ScABI3 F 3 germination, which used a GI calculation over 6 days of germination scoring. Using this formula, the maximum possible GI is 1.0, and the speed of germination as well as number of germinated seeds are represented by a single value. Euphytica (2012) 188:35-49 37 Plant material and mutagenesis
Wild type seed for the hard red spring cultivar 'Scarlet' were obtained from Kidwell et al. (1999) . Five thousand Scarlet grains were mutagenized with 0.3 % ethyl methanesulfonate (EMS; Sigma Chemicals, St. Louis, MO) as previously described (Okubara et al. 2009 ). Briefly, grains were presoaked in 50 mM potassium phosphate buffer (pH 7.0) for 5 h, then mutagenized in 200 mL 0.3 % (v/v) EMS in 50 mM phosphate buffer (pH 7.0) with shaking for 16 h. EMS was then neutralized with an equal volume of 10 % (w/v) sodium thiosulfate and washed 10 times in water. Mutagenized grain (M 1 ) was grown under standard growth conditions in the greenhouse. The primary spike from each M 1 plant was harvested. A total of four grains each from 600 independent M 1 spikes were plated on 5 lM ABA such that a total of 2,400 M 2 grains were screened for the ability to germinate on ABA after 3 weeks of dry after-ripening at room temperature. Original isolation numbers for mutants were generated based on experiment number, and are renamed as follows:
Growth conditions
Plants were grown in the greenhouse with a photoperiod of 16 h at a light intensity of 400 lmol m -2 s -1 , with a daytime temperature of 21-24°C, and a nighttime temperature of 15-18°C. During winter months, supplemental light was provided with high pressure sodium lamps. Seeds or seedlings were planted into 3 L pots containing Sunshine LC1 potting soil mixture (Sun Gro Horticulture). Pots were watered to saturation every 2 days. A nutrient solution (Peters Professional 20-10-20 Peat-Lite Special) was supplied once a week. For germination experiments, spikes were harvested at physiological maturity and seeds were hand threshed to avoid scarification of the seed coat. Seeds were subject to dry after-ripening at room temperature and thereafter stored at -20°C to maintain dormancy unless otherwise indicated.
M 6 ScABI plants used to determine vegetative sensitivity to ABA in the leaf transpiration assay, final plant height, and length of time required to flower were grown in a growth room with a 16 h photoperiod (22°C day, 15°C night) and light intensity of 400 lmol m -2 s -1 with a 1:1 ratio of metal halide: sodium lamps. Plant height was measured from the base of the plant to the top of the spike on the tallest tiller excluding awns.
Leaf transpiration experiment
Vegetative transpiration and sensitivity to ABA was examined using a detached leaf transpiration assay adapted from Raskin and Ladyman (1988) . Modifications included different ABA concentrations as determined by pilot experiments to be appropriate for wheat treated with (?)-ABA instead of barley treated with (±)-ABA. Uppermost fully expanded leaves were detached and placed cut end down in a 15 mL tube filled with 8 mL of treatment solution (either MES (pH 5.5) with methanol as a negative control, or MES with various concentrations of ABA in methanol). The leaf transpiration experiment was conducted in the same growth room used to grow the leaf donor plants in order to avoid the need to acclimate the leaves to a new environment. Tubes containing treatment solutions were weighed before the experiment to determine the starting weight. Parafilm was wrapped around the tube opening to hold the leaf upright in the treatment solution, and to prevent evaporation. After 24 h, leaves were scanned using a flatbed scanner and exposed transpiring leaf area determined by analyzing images with ImageJ (version 1.37) (Abramoff et al. 2004) . After leaves were removed, tubes were capped and re-weighed so that the amount of solution transpired could be calculated. Transpiration rates were calculated by dividing the volume of treatment solution transpired in 24 h by the leaf area.
Statistical analysis
Data were analyzed using an analysis of variance, and tests of differences between each mutant and wild type were conducted using the Dunnett's multiple comparison adjustment using Minitab software (version 16).
Results
Identification of ABA insensitive mutants in hard red spring Scarlet
The hard red spring Scarlet was chosen as a background for isolation of EMS-induced ABA insensitive mutations because it is quite dormant requiring up to 9 months to fully after-ripen (Schramm et al. 2010) . A total of 2,400 M 2 seeds derived from 600 independent EMS-mutagenized M 1 plants were after-ripened for 3 weeks after harvest and then screened for the ability to germinate rapidly on 5 lM ABA in order to identify ABA-insensitive mutants in the Scarlet background (referred to here as Scarlet ABA Insensitive mutants (ScABI)). Eleven putative mutants were isolated in the M 2 , and then advanced by single plant descent to the M 4 for retesting. In the M 4 generation, putative mutant seeds were tested for germination intact (whole) and as cut half-grains, with and without ABA after 1 month of after-ripening. Six mutants each derived from independent M 1 plants showed increased germination compared to Scarlet wild type (Table 1 ) either in the absence of ABA (ScABI5 and ScABI6), or both in the absence and presence of 5 lM ABA (ScABI1, ScABI2, ScABI3, and ScABI4) suggesting that these mutants are both less dormant and less sensitive to ABA than wild-type Scarlet. The ABA insensitive phenotype was reproducible in experiments performed on progeny of ABA insensitive plants in the M 5 and M 6 generation using seed that had after-ripened for 3 and 2 months respectively (Table 1 , Online Resource 1). All six mutants (ScABI1-ScABI6) show an increase in germination compared to Scarlet on ABA as cut or whole seeds.
Two Scarlet ABA insensitive mutants, ScABI5 and ScABI6, were associated with secondary phenotypes that persisted over the five generations of selection. Both have altered seed shape and size compared to Scarlet wild type. ScABI5 seeds are brown, and significantly longer and narrower than Scarlet seeds (Online Resource 2a, c, d). ScABI6 seeds show no change in color, but appear to be short and rounder in shape (Online Resource 2b, c, d).
Characterization of mutant ABA dose-response during seed germination
The ABA sensitivity of seed germination of ScABI mutants was examined in two dose-response experiments performed on the M 5 and M 6 generations. In the first experiment, intact M 5 seeds were afterripened for 3 months and then plated on increasing concentrations of ABA. ScABI1, ScABI2, ScABI3, and ScABI4 showed increased germination compared to Scarlet both in the absence of ABA and at all ABA concentrations tested (Fig. 1a) . The results of the second experiment performed on intact M 6 seeds ( Fig. 1b) after-ripened for 2 months were consistent with the M 5 experiment. ScABI3 and ScABI4 appear to be the most ABA insensitive since they germinate most efficiently at all ABA concentrations examined. Even at the highest ABA concentration tested in the (Fig. 1a ). ScABI6 appears to have more efficient germination than Scarlet wild type in the absence of ABA (GI of 0.49 vs. 0.27) and at low concentrations of ABA, but is similar to the wild type at concentrations at or above 10 lM ABA (Fig. 1b) . ScABI5 appears to be less sensitive to ABA than Scarlet wild type at all concentrations examined except 50 lM, but is not as ABA insensitive as ScABI1, ScABI2, ScABI3, and ScABI4. All six mutations appear to result in reduced dormancy based on the fact that they show higher germination efficiency than Scarlet in the absence of ABA in both experiments.
Segregation analysis of ABA insensitive mutants
Segregation analysis was performed on ScABI3 and ScABI4, the mutants showing the strongest ABAinsensitive germination phenotype. F 2 populations were derived from five independent ScABI3 9 Scarlet F 1 plants, and from two independent ScABI4 9 Scarlet F 1 plants. F 1 plants were grown side-by-side with the Scarlet wild-type and mutant parents so that the parental seed germination could be used as an indicator of the likely germination capacity of the ?/? and -/-individuals segregating in the F 2 populations that were harvested and after-ripened at the same time. For ScABI3, the percent germination of intact parental and F 2 seeds after-ripened for 6 weeks was determined on 2 lM ABA ( Table 2) a ScABI3 segregation analysis and parental germination testing was performed on intact seeds after-ripened for 6 weeks and treated with 2 lM ABA. ScABI4 segregation analysis and parental germination testing was performed on half seeds after-ripened for 3 weeks and treated with 5 lM ABA. Germination percentages after 112 h of imbibition are shown for ScABI3, and germination percentages after 48 h of imbibition are shown for ScABI4 b Chi-square values calculated based on a hypothesis of incomplete dominance. Calculations were based on parental percentages using the midparent value to estimate germination of the heterozygous state of F 2 populations derived from independent F 1 plants varied, but all were intermediate between the parental types (Fig. 2a) . The 112 h time point was chosen for Chi-square analysis of genetic segregation because the two parents showed the highest degree of difference at this time point when the ScABI3 parents showed 90.7 % germination, and the Scarlet parent showed 1.3 % germination. Based on the parental germination, we would expect the F 2 seeds to show 68.3 % germination if dominant ( of the seed are -/-or ?/-giving 90.7 % germination, and of the seed are ?/? giving 1.3 % germination), and 23.7 % germination if recessive. When all F 2 families were combined, the percent germination was 52.0 %. Chisquare analysis indicates that this is neither a dominant nor recessive trait (Online Resource 3a). For the sake of Chi-square analysis, if we assume that heterozygous seeds have a percent germination mid-way between the parents, then it appears that the mutation shows partial dominance (v 2 = 6.522). However, this hypothesis based on the notion that germination of heterozygotes is intermediate between the parents does not fully explain the germination of every independent F 2 population examined, or the F 2 data as a whole (Online Resource 3a). When F 2 populations derived from independent F 1 plants are examined separately, some F 2 populations appear to fit the dominant model whereas others fit the semi-dominant model (Online Resource 3a).
Next we examined the germination phenotype of F 3 progeny derived from 107 F 2 plants randomly advanced from the F 2 segregation analysis. F 3 seeds were tested for germination on 2 lM ABA after 8 weeks of after-ripening. Mean germination of F 3 seeds was again intermediate between the parental lines tested under the same conditions (Fig. 2b) . F 3 average germination after 6 days imbibition on ABA was 48.1 %, whereas ScABI3 parental lines averaged 98.6 % germination, and Scarlet lines averaged 3.6 % germination.
In order to visualize the range of phenotypes of the progeny of F2 plants compared to parental phenotypes, a histogram of germination data was constructed (Fig. 3) . While the final percent germination was intermediate to parental germination, it appeared Fig. 2 Kinetics of germination during segregation analysis for two ScABI mutants. Average percent germination of: a F 2 populations derived from five F 1 plants compared to parental ScABI3 and Scarlet seed derived from five independent plants; b F 3 populations grouped as families derived from separate F 1 plants compared to ScABI3 and Scarlet parental controls derived from 25 independent plants; and c ScABI4 F 2 populations derived from two F 1 plants compared to ScABI4 and Scarlet parents derived from two and four plants, respectively. Error bars represent standard error. Germination conditions for F 2 data as described in Table 2 . Intact F 3 seeds were incubated on 2 lM ABA after 8 weeks after-ripening that the speed of germination also varied among F 2 plants, and differed from the mutant parent. To integrate speed with extent of germination, ScABI3 F 3 germination data was converted to GI over the 6 days of germination scored. The mean GI for the ScABI3 parents examined was 0.70, whereas Scarlet parent mean GI was only 0.01 (Fig. 3b) . The mean of the F 2 plants was 0.29. If the mutation is partially dominant, the distribution of F 2 plants should be made up of three distributions corresponding to homozygous wild type segregants, homozygous mutant segregants, and heterozygotes (Online Resource 3b). There is a clear peak corresponding to GI of wild type segregants, but no clear peak representing the homozygous mutant or heterozygous F 2 plants (Fig. 3a) . While the GI of the wild type parent has a very narrow distribution, the GI of mutant parents has a fairly wide distribution of GIs peaking near the mean (Fig. 3b) . Thus, it seems likely that the reason that there are no distinct peaks for F 2 heterozygous and homozygous mutant plants because these two categories have wide distributions that overlap at the tails (Online Resource 3b). Next we examined whether the F 3 germination phenotype was consistent with that of the F 2 parents. It was expected that the 37 F 2 plants grown from F 2 seeds that did not germinate after 7 days of incubation would give rise mainly to wild type progeny. These gave an average F 3 GI of 0.06, indicating that most of these plants were wild type segregants. On the other hand, 53 F 2 plants grown from seeds that germinated by 112 h of incubation were expected to mostly give rise to mutant and heterozygous progeny. These F 3 families had a mean GI of 0.44 and included only six plants that appeared to be homozygous wild type (average GI of 0.03) under conditions resulting in GIs of 0.70 for ScABI3 and 0.01 for Scarlet.
For the ScABI4 segregation analysis, the percent germination of cut seeds was determined for parental and F 2 seeds after-ripened for 3 weeks on 5 lM ABA (Table 2 ; Fig. 2c ). The germination of F 2 populations derived from two independent F 1 plants showed some variation, but both were intermediate between the parental types (Fig. 2c) . The time point chosen for segregation analysis had an impact on the conclusion reached by Chi-square analysis, with time points after 48 h deviating farther from the hypothesis of incomplete dominance (Online Resource 3c). The 48 h time point is the most representative of the phenotypic difference because that is the last time point where wild type Scarlet germinates at a very low rate (Fig. 2c) . At 48 h, the ScABI4 parents showed on average 81.7 % germination, the wild type 2.9 % germination, and the F 2 seeds showed 42.9 % germination (Table 2) . Based on the parental germination, we would expect the F 2 to show 62.0 % germination if dominant ( of the seed are -/-or ?/-giving 81.7 % germination, and of the seed are ?/? giving 2.9 % germination), and 22.6 % germination if recessive. The F 2 germination percentage, 42.9 %, is intermediate between the two percentages suggesting that the mutation is partially dominant (v 2 = 0.039). This was consistent over F 2 populations from four F 1 plants Scarlet wild type seed germination is represented by black bars, and ScABI3 mutant seed germination by white bars. Seeds were incubated for 6 days on 2 lM ABA after 8 weeks of afterripening derived from two independent crosses (Online Resource 3c, d).
Next, we examined the ABA sensitivity of F 3 progeny derived from 13 F 2 plants that germinated within 48 h of incubation on ABA in the F 2 segregation analysis experiment. Among these, four appeared to be derived from homozygous -/-F 2 plants (80-100 % germination), eight appeared to be derived from heterozygous F 2 plants, and one appeared to be derived from a homozygous wild-type plant (0 % germination) when whole seeds after-ripened for 4 months were incubated on 5 lM ABA for 48 h, conditions under which ScABI4 and Scarlet showed 92.1 and 5 % average germination, respectively. Thus, it appears that most of the seeds that germinated on ABA in the F 2 segregation analysis are either homozygous or heterozygous for the ScABI4 mutation. Thus, ScABI4 is likely a partly dominant mutation.
ABA-insensitive mutants after-ripen more rapidly than wild type Scarlet
In characterizing these mutants, we found that a difference between wild-type and mutant can be seen between 1 and 4 months after harvest. However, the magnitude of this difference can vary depending on the dormancy of the seed lot, the length of time seeds are after-ripened, whether or not the seed was cut, and the length of time the seeds were incubated on ABA media (Table 1 ; Fig. 2 ; Online Resource 1 and 3).
In order to better understand the effect of the ScABI mutants on seed dormancy and the requirement for after-ripening, we compared the germination of intact ScABI1, ScABI2, ScABI3, ScABI4, and ScABI5 mutant seed to wild-type Scarlet in the presence and absence of 5 lM ABA over an after-ripening time course (Fig. 4) . The time course was initiated after 8 weeks of after-ripening when wild type Scarlet still failed to germinate in the absence of ABA. At 8 weeks after-ripening, all of the ScABI mutants showed higher germination efficiency than Scarlet in the absence of ABA; the GIs of the mutants ranged from 0.25 to 0.77 compared to Scarlet with a GI of 0.03 (Fig. 4a) . However, by 13 weeks of after-ripening, Scarlet germinated as efficiently as ScABI1 and ScABI2, and more efficiently than ScABI5. Thus, while these mutants initially after-ripen more rapidly than Scarlet, Scarlet eventually reaches similar levels of seed germination. Scarlet showed little or no germination (maximum GI of 0.02) on 5 lM ABA throughout the after-ripening time course (Fig. 4b) . All of the mutants germinated more efficiently than Scarlet on ABA. ScABI3 and ScABI4 after-ripen more rapidly and are more ABA insensitive than the other lines.
ScABI3 and ScABI4 show little to no dormancy at 1 month of after-ripening (M 4 retest, Table 1 ). Therefore, an experiment was undertaken to determine if these ScABI mutants lack dormancy as freshly harvested grain or at time points prior to 1 month of after-ripening. Seed of both mutants tested just 1 week after harvest displayed marked dormancy. ScABI3 showed 8 % germination after 5 days of incubation, whereas Scarlet showed 0 % germination. ScABI4 and Scarlet wild type showed 0 % germination after 1 week of imbibition. An independent ScABI4 seed lot that had after-ripened for 19 days showed 47.5 % germination after 5 days of incubation, whereas Scarlet showed 7.5 % germination. Given that ScABI3 and ScABI4 show 80-100 % germination with 4-8 weeks of after-ripening (Table 1 ), it appears that these two mutants are initially dormant but after-ripen more rapidly than Scarlet (Fig. 4) . These data indicate that the ScABI3 and ScABI4 mutants are associated with rapid after-ripening but do not completely eliminate seed dormancy in the hard red spring Scarlet.
Characterization of vegetative phenotypes, plant height, flowering time, and leaf transpiration
In Arabidopsis, ABA insensitive mutants can be either seed specific or show both seed and vegetative phenotypes. To characterize the vegetative phenotypes of the ScABI mutants, we have examined the effects of these mutations on plant height, flowering time, and transpiration. To determine whether ScABI mutants had changes in final plant height compared to Scarlet wild type, experiments were conducted on M 6 plants to compare the height of ScABI mutants to wild type. Only ScABI1, ScABI2, and ScABI4 were significantly shorter than Scarlet wild type (Table 3) . To determine if the reduced height co-segregated with the germination phenotype for ScABI4, F 3 and parent plants from the segregation analysis experiment were measured at maturity. Reduced height did not appear to co-segregate with ABA insensitive germination based on six lines classified as ScABI4 homozygotes (data not shown).
To determine whether ScABI mutants are associated with a change in time required to transition to flowering, a greenhouse experiment was conducted using M 6 plants. In this experiment, ScABI1, ScABI2, and ScABI3 took significantly longer to head than Scarlet wild type (Table 4) , whereas ScABI4, ScABI5, and ScABI6 were not significantly different from Scarlet wild type.
The ScABI mutants were examined to determine if they are associated with decreased vegetative transpiration in response to exogenous ABA. This was assayed using a detached leaf assay (Raskin and Ladyman 1988) . ScABI1 and ScABI4 both showed a slight but non-significant increase in transpiration rate in the absence of ABA (Fig. 5) . All of the mutants responded to ABA with decreased transpiration rates suggesting that none of these mutations result in a significant decrease in vegetative ABA sensitivity. ScABI5 and ScABI6 result in reduced transpiration at one or more ABA concentrations compared to Scarlet wild type.
Discussion
Isolation of ScABI mutants with decreased ABA sensitivity and seed dormancy When the goal is to isolate and characterize mutants with reduced ABA sensitivity and increased germination capacity is expected, a background with some dormancy is desirable to maximize the difference between mutants and wild type. Therefore, the moderately dormant hard red spring Scarlet was chosen for identification of ABA-insensitive mutants. Previous research showed that Scarlet grain fails to germinate efficiently when fully dormant, is sensitive to ABA when partly after-ripened, and ABA insensitive after prolonged after-ripening for 8-10 months (Schramm et al. 2010) . Therefore, dormant mutagenized grain after-ripened for only 3 weeks was screened for the ability to germinate when treated with ABA, conditions under which wild type Scarlet would not germinate. Eleven mutants were initially isolated in the M 2 , and six mutants consistently showed higher germination efficiency on ABA than Scarlet over three generations (Table 1) . The mutants isolated can be classified based on ABA dose-response, dormancy, and secondary phenotypes. ScABI3 and ScABI4 are the most ABA insensitive showing increased germination in the absence of ABA and over all ABA concentrations tested in two dose-response experiments (Table 1 ; Fig. 1 (Fig. 1b) , but not at higher ABA concentrations. It is possible that this weak phenotype results not from altered ABA signaling, but from altered seed morphology or development since ScABI5 and ScABI6 are associated with changes in seed shape and size. ScABI5 has a longer, narrower, darker colored, and somewhat shriveled seed compared to Scarlet, and ScABI6 has a shorter and narrower seed (Online Resource 2). ScABI5 resembles the fusca3 mutation of Arabidopsis that results in darker seed coat color associated with a reduction in seed dormancy (Keith et al. 1994) . Alternatively, since these mutants affect primarily dormancy rather than ABA sensitivity, it is possible that there is some structural change affecting seed coat permeability, which may result in increased germination. Future work will need to examine whether these secondary phenotypes co-segregate with the germination phenotype.
Genetic analysis of ScABI3 and ScABI4
Based on the genetic pooling strategy of the mutant screen, the six mutants recovered from independent M 1 plants likely represent independent mutations. The drastic reduction in dormancy and ABA sensitivity in ScABI3 and ScABI4 facilitated segregation analysis by choosing a point in after-ripening and germination where nearly 100 % of mutant seeds and close to 0 % of wild-type seeds germinated on ABA. Both ScABI3 and ScABI4 consistently appeared to be partly dominant in multiple F 2 populations (Table 2; Figs. 2, 3; Online Resource 3). The isolation of dominant mutations is not surprising given that the allohexaploid nature of the wheat genome should make it difficult to recover single recessive mutations.
Most ScABI mutants appear to be seed specific The ScABI mutants recovered in this study appear to be, for the most part, seed-specific in terms of ABA sensitivity. ABA response mutants in other species can be either seed-specific or may alter vegetative water relations due to the fact that ABA triggers stomatal closure in response to drought stress. Scarlet ABA insensitive mutants were examined for possible effects on water relations using a detached leaf transpiration assay (Fig. 5) . None of the ScABI lines appear to be significantly insensitive to ABA in leaf transpiration. The expectation is that ABA insensitive mutants should show increased transpiration rate. Surprisingly, the two weak ABA-insensitive mutants ScABI5 and ScABI6 show a significant decrease in transpiration rate at one or more ABA concentrations. This may result from unlinked background mutations, or this may result from some developmental defect that somehow influences transpiration rate. For example, leaf structure may be affected, altering stomatal density as in the Arabidopsis sdd-1 mutant (Schlüter et al. 2003) .
Some minor secondary phenotypes were detected. ScABI1, ScABI2, and ScABI4 were found to have average heights of 92, 82, and 79 %, respectively, of wild type height (Table 3) , and ScABI1, ScABI2, and ScABI3 were associated with delays of 3-4 days in flowering (Table 4 ). The reduction in height in ScABI4, based on a ScABI4 backcross population, appears to be unlinked to the mutation causing increased germination. Whether the remaining secondary phenotypes are the result of background mutations from the mutagenesis will need to be examined.
The role of ABA response in wheat grain dormancy, after-ripening, and pre-harvest sprouting This study and others indicate that altered ABA responsiveness results in altered grain dormancy in wheat (Kawakami et al. 1997; Rikiishi and Maekawa 2010; Schramm et al. 2010) . The Warm (Wheat ABA responsive mutants) in Chinese Spring wheat result in ABA hypersensitive seed germination accompanied by higher grain dormancy and a need for longer afterripening to break seed dormancy (Schramm et al. 2010) . Conversely, the ScABI mutants result in ABA insensitive seed germination accompanied by reduced dormancy and rapid after-ripening (Table 1; Figs. 1,  4) . The reduction in the time required for afterripening directly correlates with the degree of ABA insensitivity (Figs. 1, 4) . While this does not constitute proof, it is suggestive of a causal relationship. This result is consistent with previous studies that isolated EH47-1 and RSD32 (Reduced Seed Dormancy) wheat mutants based on reduced seed dormancy and subsequently found that these mutants were less sensitive to ABA (Kawakami et al. 1997; Kobayashi et al. 2006; Rikiishi and Maekawa 2010) . Taken together, the fact that ABA hypersensitive wheat mutants are more dormant and that ABA insensitive mutants are less dormant suggests that variation for ABA sensitivity may be one mechanism controlling wheat grain dormancy and pre-harvest sprouting resistance.
Although the ScABI mutants after-ripen more rapidly than Scarlet wild type, they do not completely abolish seed dormancy. ScABI3 and ScABI4 seeds freshly harvested at physiological maturity fail to germinate and some seed dormancy is observed at 3 weeks of after-ripening. This may be due in part to genetic redundancy in hexaploid wheat. However, given that both ScABI3 and ScABI4 are partially dominant, we may speculate that ABA signaling is not the sole mechanism determining dormancy in the hard red spring Scarlet. Such mechanisms may include red testa color and other hormone signaling pathways such as jasmonic acid, gibberellin, ethylene, and brassinosteroids (Lalonde and Saini 1992; Ghassemian et al. 2000; Steber and McCourt 2001; Appleford et al. 2007; Barrero et al. 2009; Dave et al. 2011) . Because the ScABI3 and ScABI4 mutations increase the rate of after-ripening without decreasing initial dormancy levels, these mutations may be useful in breeding red wheat cultivars that emerge better when planted within a few weeks of harvest without compromising preharvest sprouting resistance.
Given that wheat loses ABA sensitivity with afterripening, it is difficult to be certain that the ABA insensitive mutants isolated are the result of mutations in ABA signaling genes rather than mutations that alter dormancy through another mechanism. It is interesting that Scarlet reaches the same germination efficiency as ScABI1 and ScABI2 with 13-14 weeks of after-ripening in the absence of ABA, but is more sensitive to ABA than the mutants at the same afterripening time point (Fig. 4) . This suggests that the increased germination on ABA is a result of reduced ABA signaling rather than differences in degree of dormancy. ScABI3 and ScABI4 are the most ABA insensitive during seed germination and so are good candidates for true ABA signaling mutants of wheat.
Possible mechanisms leading to reduced ABA sensitivity in ScABI wheat ABA insensitive phenotypes can result either from increased ABA turnover or from reduced ABA signaling. For example, increased accumulation of the ABA catabolic enzyme ABA 8 0 -hydroxylase results in increased ABA turnover in Arabidopsis and increased turnover results in an ABA insensitive phenotype in Arabidopsis and in barley (Visser et al. 1996; Okamoto et al. 2006 ). Higher level expression of the gene encoding ABA 8 0 -hydroxylase in barley is associated with loss of dormancy during after-ripening (Millar et al. 2006) . In contrast, the reduced dormancy mutant TL43 on barley chromosome 6H shows an ABA insensitive germination phenotype without any change in endogenous ABA levels (Molina-Cano et al. 1999; Romagosa et al. 2001; Prada et al. 2005) . Thus it is possible to alter seed dormancy and ABA sensitivity in cereals without any apparent change in ABA hormone accumulation.
Both ScABI3 and ScABI4 appear to be semidominant mutations resulting in ABA insensitive seed germination, but not ABA insensitive leaf transpiration. The Arabidopsis mutants abi3/vp1, abi4, and abi5 are seed-specific ABA insensitive mutants (reviewed by Finkelstein et al. 2008 ), but unlike ScABI3 and ScABI4, these mutants are recessive. The ABA-insensitive mutations in the Arabidopsis PP2C subfamily including ABI1, ABI2, and HAB1, are semi-dominant, but unlike ScABI lines, these mutants result in both ABA insensitive seed germination and stomatal response (Koornneef et al. 1984; Allen et al. 1999; Dupeux et al. 2011) . Other members of this PP2C family, AHG1 and AHG3, appear to regulate only seed germination due to the fact that they are expressed only in seeds (Nishimura et al. 2004 (Nishimura et al. , 2007 Yoshida et al. 2005) . It is possible that mutations in a PP2C of wheat with seed-specific expression could result in the phenotypes observed here. Alternatively, ScABI mutants could result from gain-offunction mutants in other negative regulators of ABA signaling.
